Individuals of the brackish water ostracod species Ishizakiella ryukyuensis are found sympatrically with those of the closely related species I. miurensis at the Kii Peninsula, western Japan, and possess a projection on the male copulatory duct. By contrast, individuals of this species recovered from the Nansei Islands, southern Japan, do not have such a projection. Molecular phylogenetic trees based on mitochondrial COI sequences consistently indicated that the populations at the Nansei Islands formed a paraphyletic group outside of a cluster consisting of the population at the Kii Peninsula. Thus, the development of the projection in the male copulatory organ is considered as a derived character for the individuals at the Kii Peninsula, and this feature may have been brought about by the sympatric distribution and a process of character displacement.
A character may differ more greatly between sympatric populations of two closely related species than between allopatric populations of them. Such a geographic variation pattern is usually referred to as character displacement. Character displacement is also used to describe the evolutionary process that brought about accentuation of morphological differences between sympatric populations because of ecological and reproductive interactions (Futuyma, 1998) . For example, in a case of the ground finches of the Galápagos Islands, the beak size is markedly different between populations of two species feeding on the same kinds of seeds on islands where they co-occur (Grant, 1986) .
One of the characteristic features of ostracods is the uniquely shaped, sclerotized copulatory organ of male genitalia, an organ that is commonly regarded as one of the most important characters for ostracod species taxonomy (e.g., Athersuch et al., 1989) . Differences in copulatory organ morphology between sympatric ostracod Cythere species have been found and interpreted as an example of reproductive character displacement, contributing to their mechanical reproductive isolation (Tsukagoshi, 1988) . On the other hand, most ostracods are so small (less than 1 mm in carapace length) that it is generally difficult to thoroughly make clear their biogeographical distributions and to detect differences in copulatory organ morphology between sympatric and allopatric populations of closely related species.
Ostracods belonging to the genus Ishizakiella McKenzie and Sudijono, 1981 (Cytheroidea) inhabit brackish waters around the Japanese, New Zealand, and Fiji Archipelagos (Tsukagoshi, 1994) . McKenzie and Sudijono (1981) proposed Ishizakiella as a new genus of the family Leptocytheridae, and designated I. foveoreticulata from the Plio-Pleistocene of Sangiran, Java, as the type species. Tsukagoshi (1994) included six species in this genus, i.e., I. foveoreticulata McKenzie and Sudijono, 1981; Tanella miurensis Hanai, 1957 ; Cythere inflata Brady, 1890; Tanella novaezealandica Hartmann, 1982 ; Tanella supralittoralis Schornikov, 1974;  and Ishizakiella ryukyuensis Tsukagoshi, 1994 . Yamaguchi (2000 indicated that I. ryukyuensis is most closely related to I. miurensis based on both morphological (carapace shape and male copulatory organ) and molecular (mitochondrial COI sequence) data. The five extant Ishizakiella species share similar ecological traits, living only in brackish waters, such as river mouths, lagoons, and brackish lakes (Schornikov, 1974; Hartmann, 1982; Tsukagoshi, 1994; Yamaguchi, 2000) . The extinct species I. foveoreticulata from the Plio-Pleistocene of Sangiran, Java, was recorded from deposits suggesting environments such as the upper eulittoral zone, mangrove, and river mouth (McKenzie and Sudijono, 1981) . Due to the lack of a planktonic larval stage and the limited nature of the distribution in brackish-water habitats, the individuals of this genus are highly susceptible to geographical isolation (Yamaguchi, 2000) . Some ecological features may be different among the geographical populations.
In this paper, I discuss a possibility of character displacement in the male copulatory organ of I. ryukyuensis, based on the biogeographical distribution, observation of the morphologies, and results of mitochondrial COI gene sequence comparisons. Table 1 and Fig. 1B summarize the geographical settings of the individuals of Ishizakiella investigated in this study. The carapaces of the specimens examined are shown in Fig.  2 . Sampling effort was concentrated on I. ryukyuensis (samples from five populations at the Nansei Islands and Kii Peninsula) and I. miurensis (samples from 16 populations at the Honshu and Kyushu regions). In addition, specimens of I. novaezealandica and Leptocythere lacertosa (Hirschmann, 1912) were used as outgroups for the molecular phylogenetic analysis. The specimens of three Ishizakiella species, I. ryukyuensis, I. miurensis, and I. novaezealandica, except for those at the Kii Peninsula, were collected from 1996 to 1997. The specimens of Leptocythere lacertosa and Ishizakiella ryukyuensis at the Kii Peninsula were collected in 1998 and 1999, respectively. These specimens, except for those of I. novaezealandica, were collected by the author, and those of I. novaezealandica were collected by Dr. Tsukagoshi.
MATERIALS AND METHODS

Samples
Species Identification
Species of Ishizakiella examined were identified using the morphological key characters summarized by Tsukagoshi (1994) and Yamaguchi (2000) . They are distinguished mostly by the shape and ornamentation of the carapace and the shape of the male copulatory organ. However, there are some morphological variations in the male copulatory organ between the individuals of I. ryukyuensis at the Kii Fig. 1 . Relationship between ML tree of the mitochondrial COI sequences of Ishizakiella ryukyuensis and I. miurensis and their sampling localities. A, ML tree based on the 315 bp of the COI sequences of 23 specimens from I. ryukyuensis and I. miurensis and two outgroups, I. novaezealandica and Leptocythere lacertosa. Based on the most parsimonious reconstruction onto molecular phylogenetic tree, reproductive character displacement (RCD) occurred independently in the lineage of I. ryukyuensis living at Kii Peninsula (KI). Quartet puzzling support values of ML tree (Strimmer and von Haeseler, 1996) / bootstrap values (Felsenstein, 1985) of MP tree/bootstrap values (Felsenstein, 1985) of NJ tree are shown at each branching point. Locality abbreviations, which correspond to those shown in Peninsula and the Nansei Islands (see below). Geographical variation within an ostracod Cythere species is well known for the morphology of male copulatory organ. Therefore, the populations at the Kii Peninsula and the Nansei Islands classified into one and the same species, I. ryukyuensis.
Morphological Observation
Under a stereomicroscope, the soft parts of a living specimen of I. ryukyuensis or I. miurensis were separated from the carapace, dissected in Neo-Shigaral mounting medium (Shigakoncyuhukyu Co., Tokyo), and then enclosed on a piece of slide glass. The male copulatory organs were compared under a microscope. The illustrated specimens are deposited in the collection of the University Museum, University of Tokyo (UMUT). The locality records of the individuals utilized are summarized in Table 1. DNA Isolation, Amplification, and Sequencing
For each DNA preparation, a single fresh or a 100% ethanol-preserved specimen was used for each species. Each specimen was washed with distilled water, and appendages or eggs were extracted from the main body and stored in a 0.6 ml microcentrifuge tube. The bottom of the tube was then immersed in liquid nitrogen, and the appendages or eggs were macerated by rotating the pipette tip a few times within the microcentrifuge tube. Total DNA was prepared for PCR amplification by grinding the appendages or eggs in 50 lL of 5% (w/v) Chelex solution (Bio-Rad Laboratories, California), heating at 608C for 30 min and at 948C for 3 min. The resultant DNA preparation in Chelex was stored at 48C.
Amplification of a 315 bp region of the mitochondrial COI (cytochrome c oxidase subunit I) gene was carried out in 50 lL reaction solution containing 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 50 lM of each dNTP, 0.5 lM of each primer, 4.5 lL of the Chelex solution suspending mtDNA as templates and 2.5 U of Taq DNA polymerase (Toyobo Co., Tokyo). Two COI primers were used: COI-7 (59-ACNAAYCAYAARGAYATYGGNAC-39) and COI-6 (59-GGRTARTCNSWRTANCGNCGNGG-39) (Shimayama et al., 1990) . The PCR was performed over 30 to 35 cycles. Each cycle consisted of denaturation at 948C for 30 sec, annealing at 488C for 30 sec, and extension at 728C for 1 min. The PCR was completed with a final 5 min incubation at 728C. If the specific DNA fragment was not amplified, a second PCR was carried out in a reaction solution containing 1.5 lL of the first PCR products as the templates under the same condition as the first PCR.
The PCR products were electrophoresed in 2% agarose gels, excised, and purified for sequencing reactions, using the GENECLEAN II KIT (BIO 101, Inc., California) following the guidelines provided with the kit. Doublestranded DNA was sequenced directly using a Perkin Elmer ABI PRISM 377 automated DNA sequencer. Dideoxy terminal cycle sequencing was performed using a Thermo Sequenase dye terminator cycle sequencing pre-mix kit, v2.0 (Amersham Pharmacia Biotech, Inc., Ohio) following the recommended protocols. The sequencing of COI was performed only for the sense strand using the same COI-7 primer as that used for amplification.
Phylogenetic Analysis
The DNA sequences were assembled and edited using the software program SeqPup version 0.6d (Gilbert, 1996) . Phylogenetic analyses were carried out at nucleotide level using three different methods, (1) maximum likelihood (ML) (quartet puzzling method; Strimmer and von Haeseler, 1996) ; (2) maximum parsimony (MP) (Swofford, 1993) ; and (3) neighbor-joining (NJ) (Saitou and Nei, 1987) , to verify whether the same topology was supported by different treebuilding methods. These analyses were carried out (1) for the ML method using PUZZLE version 4.02 (Strimmer and von Haeseler, 1999) based on the HKY model (Hasegawa et al., 1985) with the exact parameter estimates option; (2) for the MP method using PAUP version 3.1.1 (Swofford, 1993) with the branch-and-bound option; and (3) for the NJ method (Saitou and Nei, 1987) using the NEIGHBOR program based on the Kimura's two-parameter distance (Kimura, 1980) , which was computed using the DNADIST program in PHYLIP version 3.57c (Felsenstein, 1995) . The quartet puzzling (QP) procedures with 1000 QP steps were performed for the estimation of the branch supports of the ML trees. Bootstrap analyses (Felsenstein, 1985) with 1000 iterations for MP and NJ trees were conducted using the bootstrap option in PAUP and the SEQBOOT program in PHYLIP, respectively. Transitions (TS) were downweighted relative to transversions (TV) by a factor of 2.0 (TS:TV ¼ 1:2) in NJ analysis. The nucleotide sequences analyzed in this study are available from the DDBJ/EMBL/GenBank database (accession numbers AB079554-AB079576).
RESULTS
Morphological Observation
The individuals of I. ryukyuensis at the Kii Peninsula are extremely similar in carapace morphology to those at the Nansei Islands, especially in the shape of posterior valve and of posterior ridge (Fig. 2) . These morphological features clearly distinguish the individuals of I. ryukyuensis from those of I. miurensis: (1) the posterior valve of the male individuals of I. ryukyuensis is more slender than that of I. miurensis; (2) the posterior ridge of the female individuals of I. ryukyuensis is developed at the ventral end more strongly than that of I. miurensis; (3) the posterior ridge of the male individuals of I. miurensis is curved at about one-third of height from the ventral end more sharply than that of I. ryukyuensis. On the other hand, there are slight differences in the ornament and shape of the posterior half in carapace between the individuals of I. ryukyuensis living at the Kii Peninsula and at the Nansei Islands. At a point of contact of the posterior ridge with the dorsal margin, the reticulation of the male individuals at the Kii Peninsula developed more robustly than that at the Nansei Islands. On the posterior margin of the female carapace, the posteroventral ridge overhung the posteroventral margin more completely in the Kii Peninsula individuals than in the Nansei Islands ones.
The morphology of the male copulatory organ is similar in I. ryukyuensis and I. miurensis: rounded basal capsule (bc), subtriangular supporting lobe (distal lobe; dl), and developed copulatory duct (cd) (Fig. 3) . On the other hand, the male individuals of I. ryukyuensis living at the Kii Peninsula have a projection on the anterior distal end of the copulatory duct (pcd) (Fig. 3B) , that is not observed in I. ryukyuensis individuals living at the Nansei Islands and in I. miurensis (Fig. 3A, C) . The shape of basal capsule (bc) of the male specimens of I. ryukyuensis living at the Kii Peninsula is narrow (Fig. 3B) , whereas that of I. ryukyuensis at the Nansei Islands and of I. miurensis is rather broad (Fig. 3A, C) .
Phylogenetic Analysis Aligned sequences of the 315 bp COI gene fragments of 23 specimens from two Ishizakiella species (I. ryukyuensis and I. miurensis) and two outgroup species (I. novaezealandica and Leptocythere lacertosa) included neither deletions nor insertions. The average base composition exhibited a high proportion of T (average 34.1%) and an approximately equal proportion of A, C, and G (average 22.6%, 22.0%, and 21.3 %, respectively). Twenty haplotypes were distinguished among the ingroup individuals of Ishizakiella. The individuals Kuji1 and Hi1 had one and the same haplotype. Of the 315 nucleotide sites, 135 sites (42.9%) and 110 sites (34.9%) were variable and phylogenetically informative, respectively. Most variations (99 sites, or 73.3% of total variable sites) occurred at the third codon positions.
Pairwise comparisons of sequence divergence corrected for multiple hits by Kimura's twoparameter method (Kimura, 1980) among the two ingroup Ishizakiella species, I. ryukyuensis and I. miurensis, and two outgroup species are summarized in Table 2 . The distances ranged from 0.000 to 0.289 for those between the sequences of ingroup species, and from 0.280 to 0.384 for those between the sequence of ingroup species and that of outgroup species.
The phylogenetic relationship among the COI sequences was inferred using ML, NJ, and MP methods only at the nucleotide level, because intraspecific differences were indistinguishable at the amino acid level (Fig. 1A) . All these analyses consistently indicated that two ingroup species, I. ryukyuensis and I. miurensis, formed a cluster and that individuals of each species formed a cluster. The cluster of I. ryukyuensis included three clearly separated clusters of Kii (KI), Amami-Okinawa (AO); and IshigakiIriomote (II). The phylogenetic analyses consistently indicated that the former two, KI and AO, formed a cluster. In effect, the populations distributed along the Nansei Islands, i.e., those of AO and II, form a paraphyletic group. However, the bootstrap supports for MP tree were low both for the cluster of I. ryukyuensis and for the cluster consisting of KI and AO (53% and 32%, respectively).
DISCUSSION
Analysis of COI sequence divergences clearly separated Ishizakiella ryukyuensis from I. miurensis as discriminated by morphological criteria (Table 2 and Fig. 1A ). In the Honshu region around the Kii Peninsula, these two species are distributed sympatrically (Fig. 1B) . The large genetic difference between the two species implies that they do not hybridize under natural conditions. Ishizakiella ryukyuensis has been considered to be distributed in the brackish-water habitats of warm regions only around the Nansei Islands (Tsukagoshi, 1994; Yamaguchi, 2000) . However, a new occurrence is confirmed in this study from the mouth of the Tonda River, southwestern Kii Peninsula (Fig. 1B) . The climate of the area around southwestern Kii Peninsula is temperate in all seasons because of an influence of the warm Kuroshio Current. This warm environmental setting appears to make it possible for I. ryukyuensis to flourish in this area. Living occurrences and fossil records of I. ryukyuensis have been confirmed neither from the Western Honshu region nor from the Kyushu region (Fig. 1B) . Living individuals of I. ryukyuensis clinging to driftwood or the like might have been carried away by the Kuroshio Current from the habitats around the Nansei Islands to the area of southwestern Kii Peninsula to form a population at southwestern Kii Peninsula, although any individuals attaching to a driftwood floating on the sea and being transported via that way have not been found yet.
Phylogenetic analyses using COI sequences suggested that the Kii Peninsula (KI) individuals are closely related to individuals living at the Amami and Okinawa islands (AO) rather than to those at Ishigaki and Iriomote islands (II) (Fig. 1A) . Philippe et al. (1994) suggested that a rapid evolutionary radiation results in unresolved nodes with a low bootstrap value in a molecular phylogenetic tree because the short time between two cladogenetic events tends to reduce the number of synapomorphic characters accumulated within the corresponding internal branch in the tree. Phylogenetic analyses based on the COI sequences suggested that individuals of I. ryukyuensis and the subgroup of KI and Fig. 3 . Male copulatory organs of Ishizakiella ryukyuensis and I. miurensis. A, I. ryukyuensis living at the Nansei Islands (UMUT RA 28030). B, I. ryukyuensis living at the Kii Peninsula (UMUT RA 28031). C, I. miurensis (UMUT RM 27798). The male individuals of I. ryukyuensis living at the Kii Peninsula have a projection on the copulatory duct (pcd), although I. ryukyuensis living at the Nansei Islands do not have such a projection, shown by arrows. Abbreviations: bc ¼ basal capsule; cd ¼ copulatory duct; dl ¼ distal lobe; pcd ¼ projection on copulatory duct. Scale bar indicates 50 lm. ‹ AO respectively formed a cluster, although their bootstrap values in MP and NJ trees were rather low (Fig. 1A) . This suggests that ancestral populations of KI, AO, and II diverged from a common ancestor of I. ryukyuensis within short intervals. The area occupied by a land bridge between the Nansei Islands and the Chinese continent had been formed by an upheaval and had not yet become consolidated, which were rapidly eroded by waves and separated into a few islands in the Early Pleistocene (Kizaki and Oshiro, 1980; Ujiié, 1986 Ujiié, , 1994 (Fig. 4) . The Kuroshio Current running from the equator, which turned to the east just around the land bridge between the Nansei Islands and the continent, probably flowed into the East China Sea to the northeast along the Japanese Archipelago through the straits between the Kyushu and the Nansei Islands (Fig. 4B ). This rapid dividing of the land bridge presumably has resulted in the separation of the ancestral population of I. ryukyuensis into a few separated populations, and some ancestral individuals of AO might have been carried away by the Kuroshio Current, to migrate to the habitats around southwestern Kii Peninsula (KI) (Fig. 4B) . Tsukagoshi (1988 Tsukagoshi ( , 1994 pointed out that reproductive character displacements have occurred in some ostracods such as Cythere species, based on the observations that sympatric closely related species have dissimilar copulatory organs but allopatric species have similar ones. In general, because of the minute body size of ostracods, the distributions of ostracods are hard to completely reveal, and to confirm the allopatric distribution for the species in question is difficult. However, distributions of the Ishizakiella species have become fairly clear through the effort of recent studies which were facilitated by the fact that these species are restricted to brackish-water habitats (Schornikov, 1974; Hartmann, 1982; Tsukagoshi, 1994; Yamaguchi, 2000) . At the Nansei Islands, the distribution of I. ryukyuensis does not overlap that of other Ishizakiella species (Fig. 1B) . On the other hand, the I. ryukyuensis population of Kii Peninsula (KI) is distributed with the populations of I. miurensis around the Kii Peninsula (Fig. 1B) . No locality where I. ryukyuensis and I. miurensis co-occur has been confirmed in one and the same brackish-water habitat. However, the broad distribution of I. miurensis from northern Honshu to the Kyushu region implies the sympatric distribution of I. ryukyuensis and I. miurensis somewhere in the brackish-water habitats around the Kii Peninsula. The male individuals of I. ryukyuensis at the Kii Peninsula have a projection on the copulatory duct (pcd) (Fig. 3B) , although those of I. ryukyuensis at the Nansei Islands do not (Fig. 3A) . There is no such projecting structure in the males of I. miurensis (Fig. 3C) . Males of I. ryukyuensis living at the Kii Peninsula have a narrow basal capsule (nbc) on the copulatory organ (Fig. 3B) , whereas those of I. ryukyuensis at the Nansei Islands and of I. miurensis have a rather broad one (Fig. 3A, C) . The most parsimonious mapping of these structures (pcd and nbc) in the molecular phylogenetic tree suggests that the structures evolved only in the lineages leading to the I. ryukyuensis population of KI (Fig. 1A) . The sympatric distribution of I. ryukyuensis and I. miurensis seems to have brought about the development of the projection in the male copulatory organ of I. ryukyuensis at the Kii Peninsula.
The Ishizakiella species have an ovoviviparous mode of brood care and the eggs are observed throughout the year (Tsukagoshi, 1994) . These species share similar ecological traits, living on muddy sand with a flocculent layer only in brackish waters (Tsukagoshi, 1994; Yamaguchi, 2000) . Thus, their breeding seasons and grounds appear to overlap. When the two closely related species co-occurred, they could hybridize. If their daughter were infertile, the time and energy wasted for the reproduction would be futile. Morphological differences of copulatory organ between the sympatric individuals of two closely related species, I. ryukyuensis and I. miurensis, seem to contribute to their mechanical Table 2 . Pairwise comparisons of COI sequence divergence among the two Ishizakiella species (I. ryukyuensis and I. miurensis) and the two outgroup species (I. novaezealandica and Leptocythere lacertosa) analyzed. Genetic distances were corrected for multiple hits using Kimura's (1980) reproductive isolation. The I. ryukyuensis individuals living at the Kii Peninsula might have evolved to develop characteristic morphologies for the male copulatory organ, such as a projection on the copulatory duct (pcd) and a narrow basal capsule (nbc), in response to competition between the males of I. ryukyuensis and I. miurensis over a reproductive resource consisting of the females of I. ryukyuensis and I. miurensis. This led to a development of their mate recognition system that the males and females of I. ryukyuensis are distinguished from each other as potential mates effectively. Morphological differences of the male copulatory organ between sympatric populations of I. ryukyuensis and the closely related species I. miurensis are larger than those between allopatric populations of them, which seems to have occurred due to a process of reproductive character displacement. The male copulatory organ has a speciesspecific morphology. If the morphological evolution of male copulatory organ occurred in a population, the evolution might cause a reproductive isolation of the population from the other populations, and hence lead to speciation. The morphological evolution of male copulatory organ suggested in the I. ryukyuensis populations at the Kii Peninsula seems to be very useful to prevent hybridization with the closely related species I. miurensis, but may bring about a reproductive isolation of the individuals at the Kii Peninsula from the I. ryukyuensis individuals at the Nansei Islands. However, the differences seem to be so slight that the populations at the Kii Peninsula and the Nansei Islands could not be completely isolated from each other. The individuals of I. ryukyuensis living at the Kii Peninsula are extremely similar in carapace morphology to those at the Nansei Islands, especially in the shape of posterior valves and the shape of posterior ridge (Fig. 2) . Based on these similarities of the carapace, they are obviously classified into one and the same species. The close relationship and morphological similarity between the individuals at the Kii Peninsula and at the Nansei Islands may reflect an early stage of speciation.
